We propose and demonstrate a novel four-wave mixing (FWM) compensator made of highly-nonlinear fiber and a pump laser. We experimentally confirm that the proposed technique can suppress the FWM components generated in the transmission fiber by as much as 13.3 dB.
INTRODUCTION
Four-wave mixing (FWM) is one of the most crucial limiting factors for the high-capacity WDM system having densely-spaced channels. Previously, there have been some attempts to overcome this limitation by placing an optical phase conjugation (OPC) module in the middle of the transmission link [1] - [3] . However, this method requires symmetrical distributions of the optical power and fiber dispersion before and after the OPC module, which is nearly impossible to realize in practice. In this paper, we proposed and demonstrated a novel FWM compensator made of a highly-nonlinear fiber (HNLF) and a pump laser. The configuration of the proposed compensator was similar to typical fiber-based OPC modules. However, unlike the OPC module, the FWM compensator was used right in front of the receiver. This compensator converted the wavelengths of the signals and FWM components (generated in the transmission fiber) to the opposite side of the wavelength region with respect to the pump wavelength. On the other hand, numerous FWM components were also generated within the FWM compensator. However, these newly generated FWM components were out of phase with the components generated in the transmission fiber due to the additional 2 π phase delay occurred in every FWM process. As a result, the FWM components generated in the transmission fiber could be cancelled out by the FWM components generated in the proposed compensator. In our two-channel experiment, we confirmed that the proposed technique could suppress the FWM components generated in the transmission link by as much as 13.3 dB.
PRINCIPLE OF OPERATION
The electrical field of the FWM component generated in optical fiber can be described as [4] . We utilized this additional delay for the FWM compensation. To describe the operating principle of the proposed FWM compensator, we assume that two WDM signals are transmitted through the transmission fiber. Fig. 1(a) shows the FWM components (S 3 and S 4 ) generated at both sides of WDM signals (S 1 and S 2 ) after the transmission. These signals and FWM components (S 1 , S 2 , S 3 , and S 4 ) are sent to the proposed FWM compensator made of a highly-nonlinear fiber (HNLF) and a pump laser. The pump laser operates precisely at the zero-dispersion wavelength (λ 0 ) of the HNLF. In the FWM compensator, the wavelengths of S 1 , S 2 , S 3 , and S 4 are converted to the opposite side of the region with respect to the pump wavelength. In addition, numerous FWM components (including P 1 and P 2 ) are newly generated at these wavelengths, as shown in Fig. 1(b) . Thus, the spectral components, C 1 , C 2 , C 3 , and C 4 , are comprised of the wavelength-converted components of S 1 , S 2 , S 3 , and S 4 , and the newly generated FWM components at their corresponding wavelengths within the HNLF, respectively. For example, C 3 can be considered as a sum of the wavelength-converted component of S 3 and the newly generated FWM components in the HNLF such as PP 2 S 1 *. Thus, C 3 can be described as
where η is the FWM coefficient. If the FWM efficiency in HNLF is not too large, we can consider only the first two terms in (2) and neglect the other terms. However, the phases of the first and second terms are determined by . These relations clearly show that the first and second terms in (2) are out of phase. Thus, we should be able to suppress C 3 by properly adjusting the signal powers (S 1 , S 2 , S 3 , and S 4 ) incident on the FWM compensator and the pump power (P).
EXPERIMENT AND RESULTS
We evaluated the performance of the proposed FWM compensator by using the experimental setup shown in Fig. 2 . We transmitted two WDM signals separated by 50 GHz through the 6.4-km long dispersion-shifted fiber (DSF). The wavelengths of WDM signals were 1544.92 nm and 1545.32 nm, while λ 0 of the DSF was 1545.1 nm. We increased the signal powers incident on the DSF up to 8 dBm and adjusted the polarization controller to maximize the FWM crosstalk. The inset in Fig. 2 shows the proposed FWM compensator implemented by using a 1-km long HNLF and a pump laser. For the polarization-independent operation, a polarization beam splitter was used at the input of the HNLF installed in a loop configuration [5] . We operated the pump laser precisely at the λ 0 of HNLF (i.e., 1553.25 nm), and modulated it with 3-Gb/s PRBS data by using an external phase modulator to suppress the stimulated Brillouin scattering. We then measured the amplitudes of the signals and FWM components while varying the signal and pump powers. Fig. 3(a) and 3(b) shows the optical spectra measured at the input and output of the FWM compensator, respectively. In this case, we set the signal and pump powers incident on the HNLF to be 7.5 dBm/channel and 12 dBm, respectively. The results show that the proposed compensator improved the signal-to-FWM crosstalk ratio from 20.4 dB to 33.7 dB (i.e., by 13.3 dB). However, this ratio was quite sensitive to the signal powers incident on the FWM compensator. For example, Fig. 4 shows the FWM suppression ratios measured as a function of the signal power. This dependency on the signal power was caused by the fact that the second term in (2) was more sensitive to the signal powers incident on the HNLF than the first term (since the second term involved in two different FWM processes while the first term was generated by only one process). On the other hand, Fig. 5 shows that the performance of the proposed FWM compensator was not dependent on the pump power. This was because the pump power affected the magnitudes of the first and second terms in (2) in the same way. However, when the pump power was increased to be higher than 16 dBm, the performance of the FWM compensator began to be deteriorated as the other terms in (2) became too large to be neglected. Thus, for the precise FWM compensation, it would be necessary to properly control the signal powers incident on the HNLF and limit the pump power to be less than 16 dBm.
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SUMMARY
We have proposed and demonstrated a novel FWM compensator implemented by using HNLF and a pump laser. In a two-channel experiment, we confirmed that the proposed compensator could suppress the FWM components generated in the transmission fiber by as much as 13.3 dB. The performance of the proposed compensator was quite sensitive to the signal powers incident on the HNLF. However, this performance was not affected by the pump power variation, as long as it was less than 16 dBm. Thus, for the precise compensation, it would be necessary to control the signal powers incident on the HNLF properly.
